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Introduction

22
Vegetation plays multiple roles in real-world river streams. For example, riparian vegetation can 23 protect against bank erosion, and in-stream vegetation may significantly influence flow 24 propagation, sediment movement and river morphology (Darby, 1999; Hickin, 1984 ; Hupp and 25
Osterkamp, 1996; Keller and Swanson, 1979) . Vegetation has been widely used for improving 26 stream corridor habitat and other ecological functions in many river restoration programmes. 27
Understanding the multiple effects of vegetation is highly important in river management. 28
In the recent decades, the effects of vegetation on river flows have been extensively investigated can be expressed by 101
where 102
where U is the vector of conserved variables; E and F are the flux vectors of the flow in the x and 105 y directions respectively, � and � contain the turbulent and dispersion terms in the x and y 106 directions, S o and S f are the vectors containing the bed slope terms and the frictional slope 107 terms, S v contains vegetation terms, and S fb is the vector of flow-bed interaction terms. In these 108 
where ∇= ⃑( ⁄ ) + ⃑( ⁄ ); C is the sediment concentration vector defined by = (⃑ + ⃑); V is 122 the velocity vector defined by = ⃑ + ⃑. 123
The depth-averaged turbulent stresses are determined by the Boussinesq approximation which 124 has been widely used in the literature (e.g. (Abad et al., 2008; Begnudelli et al., 2010; Wu, 125 2004) ). This gives the Reynolds stresses as: 126
where ν t is the turbulence eddy viscosity and ν is the molecular viscosity, which can be ignored in 127 environmental applications. Various approaches have been adopted to estimate the turbulence 128 viscosity, e.g. assuming a constant eddy viscosity, an algebraic turbulence model (~ℎ * ), as 129 well as the k -ε turbulence model. In this study, the eddy viscosity is estimated by = ℎ * with 130 β = 0.5. The dispersion terms are generally delivered from the difference of the depth-averaged 131 velocity and the vertical varying velocity as follows: 132 
where u l (z) and u t (z) are the longitudinal and transverse velocity components in the streamline 140 
Eqs.(9) accounts for the effect of secondary flow which is included in the hydrodynamic 149 governing equations. 150
Sediment transport module 151
The governing equation of the ith size sediment class is written according to the velocity ratio α 152
where c i = depth-averaged volumetric bedload concentration of the ith size class; = ℎ � = 154 real sediment transport rate of the i th fraction; � = √ 2 + 2 is the depth-averaged velocity; q b*i = 155 sediment transport capacity of the i th fraction; F i represents the proportion of i th grain-size fraction 156 in the total moving sediment and is updated at each time step using the approach presented by 157
Wu (2004); L i = non-equilibrium adaptation length of sediment transport of the i th fraction which is 158 estimated by 159
where h b is the thickness of a sheet flow layer; ω fi is the effective setting velocity of a sediment 160 particle which is determined by the formula proposed by Soulsby (1997) : 161
(12)
1/3 is the dimensionless particle diameter. 162
The bed load is estimated using the Meyer-Peter & Müller equation (Meyer-Peter and Müller, 163
where θ cr,i is the critical dimensionless bed shear stress of the i th fraction; θ is the dimensionless 165 bed shear stress; s = (ρ s /ρ w -1) is the special gravity of sediment. 166
Vegetation module 167
In the current model framework, vegetation is catalogued into two types according to the stiffness 168 Manning coefficient is given by 193
where n 1 is the Manning's coefficient related to grain roughness; n 2 is the Manning's coefficient 194 associated with the flexible vegetation roughness. Whilst for the rigid plants, the vegetation shear 195 stress τ b is calculated by formula below 196
The corresponding dimensionless bed shear stress is calculated by 197
where U c is the vector of depth-averaged flow velocity in the vegetation layer; for emergent 198 vegetation, it is equal to the depth-averaged flow velocity U; |U c | is the magnitude of U c 199 determined using the Stone and Shen's equation (Stone and Shen, 2002) . 200 
Bed deformation module 220
The erosion and deposition process is calculated per grid cell at each time step to update the 221 new bed elevation based on the results from the previous hydrodynamic model, sediment 222 transport model and vegetation model. The bed deformation is calculated by 223
where the values of the parameters in the right hand side are calculated according to the 224 equations already explained in previous sections. 225
Lateral bank erosion 226
Bank erosion is one of the key morphological processes affecting the evolution of river channels, 227 particularly river banks. In reality, bank failure is a complex process which is closely related to 228 many physical factors, such as vegetation and soil properties. Since this study aims to 229 investigate the physical process of flow and sediment transport in the presence of vegetation, we 230 adopt a simplified bank failure model to represent the lateral bank erosion. The principle of the 231 adopted method is that if the bank slope becomes steeper than the critical angle of failure, the 232 bank will fail to form a new bedform with a slope approximately equal to the critical angle of 233 repose. The bank failure process is simulated according to this principle, while maintaining mass 234 conservation of sediment material. Different values are used for 1) the critical angles that initiate 235 bank failure, and 2) the reformation bed angles above and below the water. Here, the wet and 236 As the numerical scheme is explicit, the numerical stability of the model system is controlled by 254 the CFL condition, which may be used to determine the time step Δt at each time step using the 255
The Courant number 0 < CFL< 1.0 is implemented for flow calculation, taking into account 257 additional conditions for sediment transport and bed change. 
Model validation 262
In this section, the new hydraulics-morphology-vegetation modelling system is validated against 263 a number of laboratory-scale test cases, including steady flow over a compound channel with a 264 fixed bed (Pasche and Rouvé, 1985) and steady flow over a compound channel with a movable 265 bed (Bennett et al., 2008) . 266
Flow over a compound channel with a vegetated floodplain 267
The experiments conducted by Pasche and Rouvé (1985) To ensure this, the manning's n is set to 0.028. The shape factor and drag coefficient are 314 respectively set to 1.2 and 2.0. 315 From the numerical experiments, the downstream channel is observed to be more intensively 377 meandering. This is because the change in velocity at the downstream is more significant due to 378 the presence of vegetation upstream. This indicates that vegetation can pose consistent and 379 cumulative effects on the morphological changes to a river corridor. From the simulation results, 380 it is clearly seen that the thalweg of the stream corridor is gradually changed from a straight line 381 to a meandering curve with a wavelength equal to the interval of vegetation zones. Furthermore 382 the channel is significantly widened, particularly at the downstream, which is consistent with the 383 forms of natural river systems. 384 
388
The alluvial response to the vegetation zone is more remarkable under the condition of higher 389 inflow discharge, as demonstrated in Figure 11 . Compared with the lower inflow (Q in ), the higher 390 
vegetation that may be separated into two zones, i.e. the grass area at the outer bank and the 433 area at the inner bank of the river bend, as shown in Figure 13(a, b) . During the flood periods, 434 morphological changes regularly take place at the sharp bend and field survey data is available 435 for this study. 
